Avoidance of being at the mercy of temperature has resulted in the evolution of a great variety of thermal adaptations among poikilotherms which act to ensure reproduction during the most favorable season of the year. Two general categories of these climatic compensations in individual animals have been widely recognized and termed by PRECHT (1955), capacity and resistance adaptations. The first of these categories implies that temperature changes induce metabolic rate controls in the sense of providing homeostasis in the routine expenditure of energy over wide temperature ranges. The 1 Dedicated to Prof. Dr. H. PRECHT for his continuing insight into devising means and a philosophy to show how and why the old view that a cold-blooded animal is a ,,Splelball der Umgebungstemperatur" is no longer acceptable.
gulationen der Leistungsadaptation widerspiegeln. Meines Erachtens erfordert elne Beantwortung dieser Fragen die Erfassung des relativen Ausmai~es systemls&er Wechselwirkungen bei verschiedenen grSf~eren Tiergruppen und eine Untersuchung der Adaptatlonseigenscha~en verschiedener Zelltypen lebender Tiere, in welchen die zellul~iren Aktivit~ten systemlschen Wechselwlrkungen unterworfen sin&
I N T R O D U C T I O N
Avoidance of being at the mercy of temperature has resulted in the evolution of a great variety of thermal adaptations among poikilotherms which act to ensure reproduction during the most favorable season of the year. Two general categories of these climatic compensations in individual animals have been widely recognized and termed by PRECHT (1955) , capacity and resistance adaptations. The first of these categories implies that temperature changes induce metabolic rate controls in the sense of providing homeostasis in the routine expenditure of energy over wide temperature ranges. The 1 Dedicated to Prof. Dr. H. PRECHT for his continuing insight into devising means and a philosophy to show how and why the old view that a cold-blooded animal is a ,,Splelball der Umgebungstemperatur" is no longer acceptable. second suggests that tolerated upper and lower thermal limits also shift seasonally, again implying that metabolic compensations occur but at different levels of organization in the animal. Despite evidence that these two types of adaptation sometimes correlate within individuals seasonally, exceptions are numerous so that many questions have arisen for which we have only partial answers and some disagreement as to how the answers should be interpreted. Therefore, as a physiological ecologist, I should like to consider three related questions which have come to mind as a result o f my own studies with fresh-water fishes and attempt to answer in detail only the first.
(1) Has there been an evolutionary trend toward systemic dominance in the physiological expression of thermal compensations in multicellular animals over primitive, generalized direct responses of cells to temperature? Furthermore, is this systemic dominance typically under the primary control of a few cells in some sort of unidentified thermal compensatory center in the central nervous system? (2) Are the genetic ha&grounds for phenotypic expression in whole animals of capacity and resistance adaptations based in part upon different modes of environmental selection?
(3) Can ecological significance be attached to acclimation differences found in the thermal limits of isolated tissues and organs as seems rational for limits differences observed with entire donor animals?
All three of these questions have been resolved from a basic assumption that the invention of multicellularity and subsequent systemic elaborations, & i d l y of nervous, hormonal and circulatory systems, has led to an increasing degree of thermal independence from climate for poikilotherms by the evolution of feedba& homeostasis. One convenient way to visualize this stream of events in evolutionary history is to erect a sequence as follows, where the major evolutionary steps of interest are related to probable levels of integration and their advantages or limitations: When such relationships are considered, it is difficult not to give the answer yes to my first question. This is especially so of animals in poikilothermal groups notable for high levels of motor activity in feeding, predation avoidance and reproduction for they also have the associated requirements of high circulation rates and rapid neuronal coordination.
Before passing to the two remaining questions, I would like to present my own experimental results with fishes and those of others to document the contentions implicit in the first question.
•
MATERIALS AND METHODS
A n i m a l s c a r e a n d f e e d i n g . Fishes used were the pumkinseed or sunfish, Lepomis gibbosus (L) at Amherst, Massachusetts and the carp, Carassius carassius (L) (Syn. Carassius vulgaris NILS.) at Kiel, Germany. The sunfish were obtained by seining from ponds and streams in the Amherst area and were presumed to be representatives of native populations. The carp used at Kiel, were purchased from commercial, freshwater fishermen at Preetz and Hohenwestedt in Schleswig-Holstein and, like most fresh-water fishes of Europe, their line of species relationships is confusing due to long established management and breeding. Confirmation of the species identification as C. carassius was very kindly given by Drs. P. BLAgKA, Prague; R. KXNDLER, Kiel; and U. LI~DEI~, Berlin-Friedrichshagen. Sunfish were fed three times each week on a wellblended, one to one mixture of liver brei and powdered dog chow which was kept deep frozen (-20 ° C) until use. This was readily accepted once the fish were trained away from their natural, live-food diet by introducing into each of the tanks containing new fish, one fish experienced in feeding upon the artifical diet. The feeding of carp proved to be simpler, for they readily accepted the daily feedings of a mixture of dry oatmeal and dried daphnia from the first day on which they were brought into the laboratory. The feeding schedule was suspended on the day before placement of fish into the respiration chambers or dissection of animals for studies with their tissues to be certain of working with fish in a postabsorbative, starving condition.
Daylengths selected and termed long and short day (Standard Time) were respectively, 15 and 9 hours for sunfish at Amherst and 17 and 7 hours for carp at Kiel. The adaptation photoperiods (30 foot candles, aquarium surface) were maintained at least 40 days before animals were used in the various experiments. In most cases, the fish were simultaneously acclimated to 20 _+ 0.5 ° C during this initial period of daylength control. Closer control (+ 0.02 ° C) was maintained in water baths containing the apparatus for the measurements with whole fish. Periods for thermal acclimation of the fish varied from a minimum of 3 days for a change in temperature of 5 ° C to a minimum of 2 weeks for a change of 15 ° C. R e s p i r a t i o n o f f i s h. Rates of oxygen uptake by fish were established as ml/kg/hr, wet weight from the difference between the oxygen content of the water supplied to a single fish chamber and that flowing out of the chamber at a precisely known volume in one hour. The outflow samples of water were collected in bottles from chambers containing fish and one chamber without a fish (water supply sample) for analysis of dissolved oxygen content by the unmodified Winkler method or with the use of a dissolved oxygen meter (Southern Analytical Ltd., type A 1672). These samples were always taken within 3 hours either side of noon-day to avoid possible alterations in levels of respiration relating to endogenous daily rhythms of activity and shock reactions to on-off switching of lights. The exact time of sampling was varied, but was done when the fish were quiet, as judged by polarographic monitoring of their oxygen uptake (Ro~m~TS 1964) . A period of adaptation of 24 hours to the respiration vessels always seemed sufficient with the carp to obtain consistent rates of oxygen uptake. In contrast, sunfish routinely required quieting periods of 3 days. Flow-rate regulation of water passing through the system was maintained with lengths of capil-lary tubing attached to the inflow tubes in the rubber stoppers of the sampling bottles at a constant head pressure of 30 inches of water. The head pressure was maintained to the supply manifold of the system by a spillway device equipped with particle filters and aerators to which water was delivered in excess of that required (BLAzRA 1958 , KROGER 1961 , ROBERTS 1964 ).
R e s p i r a t i o n o f t i s s u e s. Respiration rates of gill and muscle tissues have been determined for C. carassius and of brain and gilt for L. gibbosus by standard Warburg manometry at various temperatures. The saline suspending medium used was that previously employed (ROBERTS 1964) containing either 2.0 g/1 sodium succinate and 2.5 g/1 glucose (carp) or 3.18 g/I sodium pyruvate, 0.1 g/1 malic acid and 2.5 g/1 glucose (sunfish). Before use, 10 ml of M/15 buffer was added per 90 ml of the medium to give a finai pH of 7.4. With carp, phosphate buffer was used but, was replaced by Tris buffer in the sunfish experiments to minimize possible inhibitory effects of high phosphate.
Finely-cut brain and muscle were prepared for manometry by forcing small blocks of tissue through the small openings (0.5 × 1.0 ram) of a screen-like, electric-razor head (Braun, Rasierblatt) under the pressure of a sharp scalpel scraped across its surface. The gills were cut free from the bony arches and segmented into pieces of about 5 mm length. Each of the samples prepared was weighed on a tared strip of polyethylene and dropped into a Warburg flask (15 ml size). Each sample was then rinsed free of the plastic strip into the 3 ml of medium used in the respiration vessel, and the strip was removed. The samples ranged in wet weight from 50 to 100 mg for brain and gill, and from 200 to 250 mg for muscle. The gill and muscle tissue samples were prepared in duplicate, but usually the brains removed from the fish used in the experiments were of a size sufficient for only a single sample.
Rates of oxygen uptake, as mm3/mg, wet wt/h, were established from four interval manometer readings during the stabIe period following equilibration (20 min). Intervals ranged from 10 minutes at 250 C to 20 minutes at 100 C. In cases when 2,4-dinitrophenol (DNP) was added to the main chambers from the vessel side-arms (sunfish only), to give a final concentration of 10 -4 M, DNP, those interval readings were deleted so that respiration-rates of tissues with DNP were established from the following 4 intervals. Because muscle usually showed a decline in respiratory intensity with time, rates for this tissue were obtained from the hour-iong period beginning with the second, interval manometer reading (10 rain). Average values for the respiration of gill and muscle tissues were based on the higher of the duplicated samples prepared from each fish.
RESULTS AND DISCUSSION
Usually it is found that when respiration rates of fishes are measured at a series of acclimation temperatures, the occurence of homeostatic compensations in metabolism will be apparent in that values of Q10 determined from these rates will be less than 2. In terms of Pt~Ec~T's adaptation types this will be the case for types 3 (partial), 2 (ideal) or 1 (supra optimal).
Three illustrative cases are given in Table 1 where the data for born whole fish and their tissues has been adequate for calculation of Q10 values and adaptation types. These results for two eurythermal species and one stenotherm, the rainbow trout, are given together (Table 1) to illustrate several characteristics of capacity adaptations Table 1 Oxygen consumption by fresh-water fishes and their tissues at acclimation temperatures.
Probable adaptation types follow the schema of PR~c~tr (1950 among fishes. One of these is that good compensatory ability usually correlates with eurythermy in habitat selection. Although it is probably still too soon to claim this as a generalization on the basis of documented evidence, it is a generally held view (WINI~Et~c 1956 , PIaECI~T 1958 . On the other hand, the extensive array of data for thermal tolerances of North American fishes from salmonoides to the brown bull-head presented by BP. ETT (1956) , leaves no doubt that the generalization applies for resistance adaptations.
Another feature which I have previously reported is that the thermal range for nearly perfect homeostasis (type 2) by sunfish is limited, between 10 ° and 17.5 ° C, but modifiable by photoperiod control. Above and below these temperatures little compensation is evident (Qi0 values 2.0 or larger). Since preparing that report, other cases showing plateauing over small temperature ranges have come to my attention (STI~o-GANOV 1956 , WINBERG 1956 . A third consideration, which is of particular relevance to this discussion, is that there are oflcen striking differences between the expressions of Table 1 , a type 3 response has been found for the goldfish and its tissues, brain gill and liver. It is likely that the low Q10 value for the respiration of goldfish at 12 o and 20 ° C is exaggerated by Freeman's high value for the acclimated rate at 12 ° C (see FRY & HART 1948) . The other eurytherm, the sunfish, despite perfect acclimation (type 2) between 10 o and 17.5 ° C seems to indicate a slight type 3 compensation (statistically unsupportable) for the two tissues listed and none at all in muscle. Results with rainbow trout contrast markedly, for there is evidence of perfect acclimation in brain and liver tissues, none in gill and very little in entire fish. The authors (EvANs, et al. I962) conclude that the slight compensatory effect seen in the whole fish may be due to tonic effects of thermally compensated brain tissue. How-ever, it seems to me that the Q10 value calculated from the mean acclimated rates at 80 and 160 C is too high (2.1) to indicate a significant functional compensation. I reported a still more paradoxical case in 1961 and would like to add further data at this time.
During my stay at Kiel (1959-60) at the laboratory of Professor PREC~T, studies of oxygen consumption by crucian carp, C. carassius, and selected tissues (brain, muscle) were carried out following adaptation of fish to 3 acclimation temperatures and photoperiods of 7 and 17 hours. The results with whole fish are shown in Figure 1 as reported (ROBERTS 1961) with additional data for carp adapted to 50 C, and a 17-hour day. Although a highly significant photoperiod effect (long day stimulation) was found only at 200 C, the most important feature which I wish to stress is the inverse effect of temperature upon whole animal respiration (type 5). Arguments for considering the photoperiod responses of crucian carp to be systemically mediated have been presented earlier (ROBERTS 1964) . The inverse effect in carp has been considered to be a behavioral adaptation which involves a reduction in activity, which I feel is necessary to permit abandonment of usual activities and entry into hibernation during winter, perhaps under anaerobic conditions within the mud of pond bottoms (Rot3ERTS 1961; see also BLA~*:A 1958). The basis for this view was obtained by calculating day and night respiration rates at 20 ° C from polarograph recordings such as shown in Figure 2 . These day and night rates are shown in Table 2 along with percentage differences as between rates before and after darkness. From this analysis it can be seen that absolute reductions in respi-ration levels of all groups as well as significant proportional reductions -more by fish acclimated to 200 than by fish acclimated at 100 C -o c c u r in the degree of expression of the inverse compensation aflcer dark when compared to daytime. That is to say that the magnitude of the inverse acclimation of respiration is so reduced when the fish are kept in darkness, that statistically no compensations relating to acclimation temperature (or photoperiod) are detectable (type 4). That the inverse response in carp is largely under systemic control, becomes an even more attractive suggestion when respiration rates of tissues are examined at 250 C (Table 3 ). First, I should mention that the data shows no obvious effects relatable to the photoperiod sensitivity found in entire fish. On the other hand, a good type 3 response is evident in both brain and muscle tissues. Differences in adaptation types between the tissues and the donor carp seem to present a paradox. Yet, the possibility exists that systemic controls were evolved in C. carassius to meet special requirements for overwintering and may be adequate to override the compensatory responses found in isolated brain and muscle tissues (Rot3ECTS 1964).
I would like to present one more experimental series of tissue respiration studies with brain and gill of L. gibbosus but, this time following uncoupling with DNP. A portion of the data prior to uncoupling is given in Table 1 where the acclimation and test temperatures used were identical (I0 ° and 20 ° C). Additionally, respiration determinations were made for a third group at a test temperature of 15 o C also using tissues from the 10 o and 20 o C acclimation groups. The suspending medium used was a glucose-pyruvate-malate saline, Which contrasts to a similar series reported in 1964 (test temperature 25 o C) in which a gtucose-succinate saline was employed. The pyruvatematate substitution has proven to give reasonable levels of respiration. Following the addition of DNP, greater degrees of uncoupling have been obtained than with the succinate medium. This probably is due to elimination of the short-cycling effect in succinate oxidation by a flavin-Iinked dehydrogenase. Although incomplete, I feel that the results give direction to my future experiments along this line. Among the features of this recent series is that the type 3 trend in tissue compensations of both brain and gill (10 ° and 20 ° C acclimated fish) is upset by uncoupling and resembles a~erward a type 5 response. This was observed previously for brain but not gitl (Ro~EI~Ts 1964) . A second curious response was the consistently greater uncoupling found in tissues removed from 20 ° C acclimated fish at test temperatures of 15 ° and 20 ° C when compared to results at 10 ° and 15 ° C for tissues taken from the cold-acclimated animals. Again this was found to parallel the earlier results for brain but not gill tissue. The obvious explanation is that uncoupling breaks some link in electron transport which somehow is subject to thermal compensation. However, I hesitate to speculate further except to point out the possibility that compensations may alter the quantitative availability of pyridine nucleotides in linking carbohydrate degradation to electron transfer.
It is evident from results which have been recounted and the far more extensive results of others (see PROSSER 1962 , PR~CHT 1964 ) that it is difficult to assess quantitatively the relative contributions of cellular versus systemic level adjustments in the sense of compensations by whole animals to changes in thermal environments. Yet, the urgency for increasing efforts to do this became evident in 1963 at Leningrad (International Symposium on Cytoecology) when ecological interpretations derived from studies on resistance adaptations in isolated cells and tissues of poikilotherms were challenged by Russian biologists (see USHAKOV 1964 , S¢~tLI~PER 1966 , USHA~OV 1966 .
One aspect of the challenge seems not only to center upon the ecological validity of resistance adaptations seen in isolated systems when out of context with the donor animals but, to capacity adaptations as well. The reason for this is that the two adaptation categories often seem to be functionally linked. Recently, PR~CHT (1964) reiterated this relational view and also pointed out the need to differentiate between direct effects and side effects in the expression of capacity and resistance adaptations. In this regard, an elemental but difficult problem is to select adaptation indices which do not lead to spurious ecological correlations. The ingenious experiments of BasLow & NI-GI~ELLI (1964) illustrate this point very well, for they have found evidence that fixed thermostability differences occur in the brain cholinesterases from a variety of warm and cold-water fishes. These correlate with the thermal environments of the various fishes and provide another case of interspecific variation (see also USHAKOV 1964, Table 5 ). In contrast, no evidence was found for similar differences in thermostabilities of enzyme preparations from different populations of Fundulus heteroclitus except as related to previous thermal history or body weight (intraspecific comparison). However, upon further examination it became apparent to BASLOW & NmR~LLI that changes observed in heat stability of the brain cholinesterase from Fundulus acclimated to different temperatures represented a secondary effect. The primary effect proved to be a capacity adaptation for homeostasis in enzymatic activity of a type 2 capability.
In concluding, I should like to state that full answering of questions such as I have presented will require further determinations of the relative degrees of elaborations of systemic interactions in different, major animal groups. There is also need to devise means to characterize adaptations of cell types within living animals in which cellular activities are subject to systemic interactions. The profit of such approaches with fishes is already apparent in the results from a number of laboratories (HICKMAN, Edmonton; PR~CHT, Kiei; Pt~ossEt~, Urbana; TSUI~UDA, Osaka).
SUMMARY
1. This discussion is based upon the assumption that the invenuon of rnulticellularity and the subsequent elaboration of nervous, hormonal and circulatory systems has led to an increasing degree of thermal independence from climate for poikilotherms by the evolution of homeostatic feedba& systems. 2. Systemic dominance in homeostasis has been considered in relation to raetabolic compensations in the respiration of the sunfish, Lepornis gibbosus, the crucian carp, Carassius carassius, and selected tissues (brain, gill, muscle) following adaptation to various temperatures and photoperiods. Uncoupled respiration has also been examined in sunfish brain and gill tissues following treatment with 2, 4-dlnitrophenot. A poor type 3 trend (statistically unsupported) was found to be upset by uncoupling and was followed by a probable type 5 response. 3. Comparisons were made (at 200 C) between day and night respiration rates of crucian carp acclimated to 5 °, 12 ° and 20 ° C. These suggest that the inverse compensation of the fish (type 5) is a behavioral adaptation to special winter conditions, perhaps hibernation. 4. Some of the problems concerned with deriving ecological meaning from experiments on resistance and capacity adaptations in isolated cells and tissues have been discussed. The suggestion is made that means be developed to expand studies in which adaptation characteristics of celt types can be examined within living animals. that the evolutionary invention of multicellularity and the subsequent development of nervous, hormonal and circulatory systems has led to an increasing degree of thermal independence from climate. I wonder whether this statement needs some specification; it is wei1 known that unicellular organisms olden display remarkable tolerances and independencies in regard to adversive environmental temperature conditions even during their active phase of life.
ROI3E~TS: I wish that I were able to give a more complete answer to this very fundamental question than is now possible on the basis of the experimental evidence. I can specify my statement to the extent that I mean it to apply primarily to capacity and not to resistance adaptations. It is this latter category to which I assume you are referring in speaking of thermal independence of unicellular organisms. However, I would choose to avoid the use of the term independence for unicells because they do respond to temperature change, oi%n with little or no capacity adaptation, but of course sometimes showing remarkable ranges of thermal tolerance. -This would seem to be a good time to bring up some thoughts which have taken form largely from the very provocative ideas recently presented by USHAKOV and the experiments of BASLOW & NmRELLI (Ioc. cir.) . One of these is the suggestion that resistance adaptations have appeared earlier on the evolutionary scene than have capacity adaptations. Another, but a related suggestion is that the thermal independence to which I have referred, represents the operation of mechanisms that have evolved with differentiation and complex organization of cells in multicellular organisms to the degree that in some of the larger, semiterrestrial crustaceans, and among vertebrates, these mechanisms now serve homeostatic functions. Therefore, they might be considered to be, in a broad sense, behavioral tbermoregulations. KINNE: There is one other point I would like to make. Have you -in addition to measuring oxygen consumption -also assessed the activity of your sunfish? It seems difficult to evaluate the differences in performance observed without considering routine swimming activity.
ROI3ERTS: Not in the sense of your question. During the respiration studies, the fish were kept in cylindrical vessels which were sized so that active swimming was not possible. I am sure that the respiration rates that I have reported represent rates as nearly basal as one can obtain with fish. I hope that comparisons with swimming rates of respiration will be forthcoming, either from my laboratory at Amherst or from Dr. BI~ETT'S at Nanaimo. Such experiments must be done if we are to properly assess the significance of the zones of thermal homeostasis which I have reported for pumpkinseed sunfish.
PXECHT: Es ist erstauntich, dai~ verwan&e Arten sich hinsichtlich des Typs der Leistungsadaptation unterscheiden k6nnen. SUI-t~MANN (Biol. Zbl. 74, 432, 1955) 
